We have initially sequenced approximately 8,000 canine expressed sequence tags (ESTs) from several complementary DNA (cDNA) libraries: testes, whole brain, and Madin-Darby canine kidney (MDCK) cells. Analysis of these sequences shows that they provide partial sequence information for about 5%-10% of the canine genes. An analysis pipeline has been created to cluster the ESTs and to map individual ESTs as well as clustered ESTs to both the human genome and the human proteome. Gene ontology (GO) terms have been assigned to the ESTs and clusters based on their top matches to the International Protein Index (IPI) set of human proteins. The data generated is stored in a MySQL relational database for analysis and display. A Web-based Perl script has been written to display the analyzed data to the scientific community.
The availability of the human genome sequence presents a great opportunity for the biomedical community. These data will be beneficial in understanding a variety of human diseases. Yet the ultimate goal of genomics is to correlate the structure of the genome with its function in both disease processes as well as normal functions. Analysis of both interand intraspecies sequence variation will be critical in achieving this goal.
The broad range of phenotypic variation between the more than 300 breeds of dogs available worldwide offers a unique opportunity for determining the underlying sequence variation. For example, dogs exhibit a broad range of phenotypic variation in traits such as size, conformation, and behavior between breeds (Galibert et al. 1998; Ostrander et al. 2000; Giniger 1997, 1999; Patterson 2000; Patterson et al. 1988) . However, within a particular breed there may be little phenotypic variation. In addition, in the process of creating distinct breeds by selective breeding, a number of unobserved traits, such as increased susceptibility to cancer and other diseases, have been isolated in the breeds.
The development of these genetically isolated breeds, coupled with detailed pedigree information, makes purebred dogs a rich source of genetic information. Genomic analysis of the species will allow utilization of this resource. As one important component in this process, we have begun sequencing from canine complementary DNA (cDNA) libraries to generate reference sequences that will facilitate the analysis of sequence variation among canines and between canines and humans (and other mammals). Approximately 8,000 canine-expressed sequence tags (ESTs) have initially been sequenced and analyzed. An analysis pipeline has been created to cluster, annotate, and map the EST sequences to the human genome and proteome. We have made this data available to the public on our canine Web site (http://nucleus.cshl.edu/genseq/dogweb/index.htm).
This initial set of canine ESTs will help in establishing a reference sequence data set of canine genes. This data set will be useful for a number of purposes, such as generating probes to sequence full-length genes or for aiding the assembly of the dog genome if that project is undertaken. In addition, a reference set of canine ESTs will also aid in the annotation of the human genome by providing additional evidence for putative transcripts.
Materials and Methods

EST Sequencing
cDNA libraries from canine testes, whole brain, and MadinDarby canine kidney (MDCK) cells were oligo(dT) primed using the Stratagene ZAP cDNA synthesis kit. Cloned fragments were rescued via Lambda ZAP excision into pBluescript phagemids. The pBluescript phagemids were transformed into XL1-blue electrocompetent cells and plated on selective media. pBluescript plasmids were isolated via a modified SPRI magnetic bead templating method (Hawkins et al. 1994) . The plasmids were then sequenced from the 59 end with a 1/16th-volume Big Dye terminator chemistry in a 384-well format. Fragments were separated and analyzed on ABI 3700 capillary sequencers. EST sequencing reads were trimmed for vector and lowquality sequences using the trim_alt option of PHRED . If the trimmed sequence contained 100 or more bases, it was submitted to GenBank and used in this study.
EST Analysis Pipeline
All scripts used in our analysis were written in Perl 5. Individual reads were clustered using the PHRED and PHRAP programs . The sequences derived from the three cDNA libraries (MDCK, testes, and whole brain) were each individually clustered. In addition, all three libraries were clustered together.
Canine ESTs from other laboratories were also retrieved from GenBank and incorporated into the analysis pipelines. These ESTs were not clustered, nor were they included in the analysis of the sequences we generated. They are available to the public, however, with the associated gene ontology (GO) terms and mapping information through our Web site.
Both the clusters and individual ESTs were mapped to the human genome and proteome. Sequences were mapped to the human genome with the University of California at Santa Cruz (UCSC) BLAT server (http://genome.ucsc.edu) using the April 2002 freeze of the human genome assembly and a cutoff score of 100 to eliminate poor matches. Fifty thousand bases upstream and downstream of where BLAT mapped the sequence in the human genome were retrieved. The SIM4 program (Florea et al. 1998 ) was then used to map the sequence to the genomic DNA that was retrieved. Sequences were mapped to the human proteome by performing a BLASTX (Altschul et al. 1997 ) search against the International Protein Index (IPI) database of nonredundant human proteins. The top match to an IPI protein containing a GO term was used to assign GO terms to each sequence. The June 2002 data for the IPI and GO databases were used in this study (http://www.ebi.ac.uk/IPI/ and http://www.godatabase.org/dev/database/, respectively).
EST clusters were mapped to Online Mendelian Inheritance in Man (OMIM) loci by using BLASTX to match the sequences to a database of curated human RefSeq proteins (ftp://ftp.ncbi.nih.gov/refseq/H_sapiens/mRNA_ Prot/hs.faa.gz). To get a list of loci that are related to cancer, the OMIM database was searched for records that contained the term ''cancer.'' Only records that contained a single locus were retained. EST clusters were mapped to the OMIM records using the top match to the RefSeq database using BLASTX. RefSeq to OMIM relations were established using the locus link databases loc2ref and mim2loc (ftp://ftp.ncbi.nih.gov/refseq/LocusLink/).
A MySQL relational database was constructed to store the analysis information. Perl-based Web scripts were written to display the data stored in the MySQL database. The Web interface can be found at http://nucleus.cshl.edu/genseq/ dogweb/index.htm by selecting the EST Annotations link.
Results and Discussion
We have sequenced approximately 8,000 canine ESTs from several nonnormalized cDNA libraries, including whole brain, testes, and MDCK cells. The ESTs from each library were clustered using PHRED and PHRAP. In addition, the three libraries were clustered together. Table 1 shows the total number of clusters (multi-EST clusters plus singletons), the number of multi-EST clusters, and the number of singletons generated by the clustering process. These data indicate that our sequencing to date has uncovered about 4,000 unique sequences. An exact number of genes is difficult to establish because two separate clusters may in fact represent the same gene, or singletons may not be clustered due to poor sequence quality. However, approximately 2,000 unique human sequences have been matched by the canine ESTs (see below), so we estimate that our EST coverage represents approximately 5%-10% of the estimated 30,000-40,000 member mammalian gene set (International Human Genome Sequencing Consortium, 1999) .
Each EST and cluster sequence was mapped to the human genome using the BLAT server at UCSC (http:// genome.ucsc.edu). The EST and cluster sequences were also All ESTs used in this analysis contained 100 or more bases of vector and quality trimmed sequence.
mapped to the human proteome by querying the sequence against the IPI set of nonredundant human proteins using BLASTX. In addition, we have assigned GO terms to the sequences based on their matches to the IPI database. The percentages of clusters that mapped to the human proteome, to the human genome, to both, or to neither are shown in Figure 1 . The whole brain library had the largest number of clusters that did not match either the human genome or proteome (31%), while only 20% of the testes clusters did not match the human genome or proteome under the conditions used. Some of the ''nonmatches'' may be due to the incompleteness of the human genome and/or IPI database, while others may be due to sequencing errors or to the stringency of our cutoffs for matches.
As an indicator of the diversity of proteins matched by our EST libraries, of the 4,594 different EST clusters (from each library clustered separately), 2,306 distinct IPI proteins were found as the top match in a BLASTX search. There was very little overlap between the three libraries. Ninety-two percent of the 2,306 IPI proteins were matched by clusters from only one library. Only 1% of the IPI proteins were matched by clusters from all three libraries. Within each library, more than 95% of the 2,306 IPI proteins were matched by five or fewer ESTs. These percentages will change as sampling is increased. Clustering of ESTs resulted in more than 90% of IPI proteins being matched by only a single cluster, thus providing one estimate of the redundancy in our clustered set. Of the unclustered ESTs, approximately 65%-75% of the matching IPI proteins were matched by only a single sequence (Figure 2) .
A Web-based interface for the database (found at the EST Annotations link at http://nucleus.cshl.edu/genseq/ dogweb/index.htm) has been developed to view the results of the automated analysis pipeline. The Web browser allows the user to limit searches to various criteria. Users can choose to download sequences, accession numbers, or annotations (step 1). The next step for the user is to choose which library (or all libraries) or clusters to search. The remaining steps (3 and 4) are optional.
Step 3 allows the user to limit the retrieval of sequences that map to a particular human The user can choose to download EST sequences or annotations from the chosen EST library; he or she can also limit to ESTs that have a particular GO term associated with it or match to an accession/ID of a known human sequence.
chromosome. In the future we plan to allow the user to limit searches to ESTs that map to a particular region in the chosen chromosome. In the final step (step 4), the user can limit the retrieval of sequences that either have specified GO terms or match a particular human gene or protein (see Figure 3 for steps 1-4). To select by GO term, the user can simply select a term in the pull-down list, which contains GO terms two levels down from the biological process, molecular function, or cellular component. In addition, a GO term not found in the list can be entered manually. Finally, one can enter an accession number of a human sequence to find any EST or cluster that has been linked to that accession through the BLASTX searches against the IPI database. For example, one can enter the RefSeq identifications (IDs) listed in Table 2 to retrieve a list of ESTs or clusters that are linked to the RefSeq ID. Figure 4 displays an example of annotations retrieved for both an individual EST and a cluster. The ''Human Genome Match'' columns include the coordinates the sequence maps to in the human genome and any RefSeq genes that have been mapped nearby. In addition, the top match to the IPI database is listed under ''Human Proteome Match.'' Selecting the EST accession or cluster name will redirect the user to a more in-depth sequence annotation ( Figure 5 ). This includes the sequence ( Figure 5A ) as well as additional information regarding the EST sequence, such as library construction ( Figure 5B) . A probable name derived from IPI hits is shown in the next panel ( Figure 5C ) along with GO terms that are associated with the protein. Finally, results of BLASTX searches against the IPI ( Figure 5D ) and NR ( Figure 5E ) databases are shown. In the IPI panel ( Figure  5D ), the protein sequence used for annotation of GO terms and probable name is indicated with an asterisk. Because not all sequences in the IPI database have associated GO terms, we relied on the first match with GO terms for assigning the terms to our EST sequences.
The user can graphically view the EST or cluster mapped to the human genome by selecting the View link found under in ''Human Genome Match'' columns ( Figure 4 ). Selecting this link redirects the user to the UCSC genome browser. Information is sent to the genome browser so that the Figure 4 . Display of EST annotations. Once a search strategy from Figure 3 has been submitted, a table similar to the one seen here listing EST annotations is returned. The left-hand column displays the accession number of the read. In the case of clusters, an artificial accession number is given. Also shown is the position to which the sequences map to the human proteome (BLASTX versus human proteome). Links are provided to redirect the user to a graphical view of the EST mapped to the human genome ( Figure 6 ) and to the additional information on nearby annotations.
SIM4 mapping results can be displayed within the browser ( Figure 6 ). The UCSC browser contains various tracks of information. The top track, labeled DOG_EST, is information that has been sent by our Web-based script. In the example above, the sequence has been mapped to a known RefSeq gene MYL4 (a myosin light chain). The sequence maps to multiple exons within the MYL4 gene. The other tracks displayed (including mouse and fish homology, spliced human ESTs, and messenger RNA [mRNA] ) are annotations provided from the UCSC annotation databases.
We next wanted to demonstrate the utility of the data set and tools we have built. We determined which of our EST clusters matched cancer-related genes. This was accomplished by first matching the EST clusters to curated RefSeq proteins using BLASTX. A list of 946 OMIM records that contained the term ''cancer'' and had a single locus associated with the record was retrieved from the National Center for Biotechnology Information (NCBI). These loci are not necessarily associated with cancer, however, only that the term is mentioned in the OMIM record. The clustered canine ESTs were matched to these OMIM records through several Figure 5 . EST information view. When an EST accession number is selected from Figure 4 , the user is directed to a page similar to the one seen here. The EST sequence (A) and information such as library construction and internal ID numbers (B) are shown first. (C) displays the GO terms assigned to the ESTs. (D) shows the matches to the IPI database. An asterisk in the ''GO Ann'' column identifies the protein, if any, that was used to assign GO terms to the EST or cluster. Finally, (E) displays any matches to the NR database, if this search has been completed. NCBI databases that linked RefSeq accession numbers to OMIM records. Comparative genomics and the correlation of sequence variation with phenotype will both be powerful tools for understanding the human genome. The canine genome represents a valuable resource for both of these approaches. We have developed a public resource that allows flexible extraction of data from a database of EST sequences from the dog. These sequences represent the partial reference sequence of genes, which can provide a starting point for future explorations of the dog genome. We have populated this database with about 4,000 unique ESTs, likely representing approximately 5%-10% of the canine genes.
We are in the process of sequencing additional ESTs from multiple tissue sources. A small number of canine breeds will initially be utilized for creation of cDNA libraries to generate this initial reference sequence set. In the future, using these reference sequences as a starting point, the sequence variation among canine breeds will be determined. Ultimately this will greatly enhance our understanding of the relationship between sequence variation and phenotype in mammals. Our Web site will also be updated with additional tools and resources, such as using BLAST searches as a possible method for retrieving canine ESTs and their annotations. Figure 6 . View of an EST mapped to the human genome in the context of the UCSC genome browser. Our Web-based viewer links to the UCSC browser to display ESTs and any UCSC-mapped annotations that overlap. Various annotation tracks, including refGenes, spliced ESTs, and mRNAs, can be viewed.
